To identify receptor-associated proteins that may contribute to the specificity of insulin and IGF-I signaling responses, a mouse embryo library was screened using the yeast two-hybrid system. Multiple receptor-interactive clones encoding the SH2 domain of the adapter protein Grb10 were isolated. Subsequent cloning of the full-length Grb10 sequence from a mouse fat cDNA library defined a previously unknown Grb10 
Introduction
The biological effects of insulin and IGF-I are mediated by distinct but highly homologous cell surface receptors (1) (2) (3) . Both receptors are comprised of two extracellular ␣ subunits that contain hormone binding sites, and two membrane-spanning ␤ subunits that encode an intracellular, hormone-activated tyrosine kinase. Binding of insulin or IGF-I to its respective receptor stimulates the intrinsic kinase activity and leads to receptor autophosphorylation and receptor interaction with multiple intracellular proteins (4, 5) , including insulin receptor substrate-1 (IRS-1) 1 (6) (7) (8) (9) , IRS-2 (10, 11), the family of proteins designated Shc (8, 9, 12) , and phosphatidylinositol 3-kinase (PI 3-kinase) (13) (14) (15) . Despite close similarities in the structure of their receptors, insulin and IGF-I have different physiological functions. Insulin acts primarily as a regulator of glucose and body fuel metabolism, while IGF-I functions predominantly in the control of cell growth and differentiation. The distinct effects of the two hormones can be only partially explained by the different tissue distribution of their respective receptors and, therefore, the molecular basis for the biological specificity of insulin and IGF-I remains unclear.
Multiple lines of evidence suggest that insulin and IGF-I receptors themselves have different capacities to activate specific cellular response pathways. When studied in vitro, the two receptor kinases exhibit distinct substrate preferences in their phosphorylation of synthetic artificial peptide substrates (16) or peptides corresponding to the major phosphorylation sites of IRS-I (17) . In intact cells, transfected IGF-I receptors were shown to have 10-fold higher activity in stimulating DNA synthesis than insulin receptors (18) , and chimeric IGF-I receptors containing the carboxyl-terminal (COOH-terminal) ␤ subunit domain of the insulin receptor were shown to have greater effects on glycogen synthase and mitogen-activated protein (MAP) kinase than native IGF-I receptors (19) . Baserga and coworkers have presented evidence that the capacity of the IGF-I receptor to establish and maintain a transformed cellular phenotype depends on a specific amino acid sequence in the ␤ subunit which is not present in the insulin receptor (20) . It is conceivable that insulin and IGF-I receptors activate distinct cellular responses as a result of different modes of interaction with the same intracellular signaling proteins, or by associating with different signaling mediators.
The yeast two-hybrid system (21, 22) is a recently developed technique that can be used to define protein-protein interactions between components of intracellular signaling pathways with high sensitivity. We have previously used a yeast two-hybrid cloning approach to screen a mouse cDNA expression library for insulin receptor interactive proteins and have shown that the src-homology 2 (SH2) domain of the adapter protein Grb10 associates with the tyrosine-phosphorylated insulin receptor ␤ subunit (23) . Grb10 was originally cloned using a radiolabeled tyrosine phosphorylated fragment of the EGF receptor to screen a NIH-3T3 cell cDNA expression li-brary, but its limited interaction with the EGF receptor in comparison with other receptor interactive proteins has led to the suggestion that the EGF receptor may not be the physiological partner for Grb10 (24). Our published findings, together with other reports showing an interaction between human insulin receptors and Grb-IR, an apparent human homologue of the mouse Grb10 (25, 26) , suggest that the Grb10 protein may function in insulin receptor signaling.
In this study, we describe the screening of a mouse embryo cDNA library for IGF-I receptor interacting proteins with the yeast two-hybrid system. As previously shown for the insulin receptor, the Grb10 SH2 domain represented the most abundant IGF-I receptor interactive species. Since the highly sensitive two-hybrid assay may reveal protein interactions that do not occur physiologically, we then investigated Grb10 interaction with both insulin and IGF-I receptors in intact cells. In mouse fibroblasts transfected with either the insulin receptor or the IGF-I receptor, Grb10 demonstrated a marked preferential association with the insulin receptor and may therefore contribute to the biological specificity of the two hormones.
Methods
Yeast strains, plasmids, and oligonucleotides. The yeast strains L40 and AMR 70, the yeast expression vectors pVP16 and pBTM116, and 9.5-and 10.5-d mouse embryo cDNA libraries in pVP16 were provided by Stanley Hollenberg (Fred Hutchinson Cancer Research Center, Seattle, WA) and have been previously described (27, 28) . The LexA fusion plasmid pBTM116 was constructed by Paul Bartel and Stanley Fields (22) . Oligonucleotides were obtained from Biosynthesis, Inc. (Lewisville, TX) or the Joslin Diabetes Center core facility. To obtain a LexA-IGF-I receptor hybrid construct, the human IGF-I receptor full length cDNA (2) was digested with ScaI (bp 2983) and BamHI (bp 4155). The obtained 1172-bp fragment was dephosphorylated and ligated to a double stranded DNA fragment obtained by annealing two complementary phosphorylated oligonucleotides: 5 Ј -AATTCGGAGGACTGGGGAATGGAGTGCTGTATGCCTCTG-TGAACCCGGAGT-3 Ј , and 5 Ј -ACTCCGGGTTCACAGAGGCAT-ACAGCACTCCATTCCCCAGTCCTCCG-3 Ј . This fragment includes basepairs 2944 to 2982 of the IGF-I receptor sequence, the coding sequence of two glycines in frame with the receptor to add flexibility to the fusion junction, and an EcoRI restriction site to enable subcloning of the construct into the yeast vector pBTM116. The IGF-I receptor extended fragment was then ligated into the EcoRI-BamHI site of pBTM116. The resulting construct, containing the complete intracellular portion of the IGF-I receptor ␤ subunit including the stop codon (bp 2944 to 4155) fused in frame with the LexA DNA binding domain coding sequence, was verified by sequencing with the dideoxy method using the Sequenase kit (Amersham Life Science, Inc., Arlington Heights, IL).
Two-hybrid screening. The L40 yeast strain was transformed with pBTM116 containing the fused LexA-IGF-I receptor coding sequence by the lithium acetate protocol (29, 30) . After growth in tryptophan-deficient medium, L40/pBTM116/IGF-I receptor yeast cells were transformed with a pool of pVP16/9.5-d and pVP16/10.5-d mouse embryo cDNA libraries. Transformation with 500 g of library plasmid DNA yielded ‫ف‬ 12 ϫ 10 6 primary transformants, as confirmed by colony growth in tryptophan-and leucine-deficient medium. The yeast were subsequently grown in tryptophan-and leucinedeficient liquid medium for 16 h to allow for the expression and formation of the transactivating LexA/VP16 complex, and a fraction of the yeast suspension (corresponding to ‫ف‬ 4 ϫ 10 6 primary transformants) was plated on tryptophan-, leucine-, and histidine-deficient plates. Library clones showing activation of both reporter genes ( HIS3 for histidine selection and LacZ for ␤ galactosidase activity) were tested in the two-hybrid system for specificity of association with the IGF-I receptor using a LexA-lamin construct as a negative control. Plasmids from library clones were subsequently isolated from the yeast, transferred to Escherichia coli , and sequenced with the Sequenase kit (Amersham Life Science, Inc.) or on a Automatic DNA Sequencer (373; Applied Biosystems, Inc., Foster City, CA). Sequence similarities were sought in GenBank using the GCG program Fasta.
cDNA library screening. Approximately 10 6 plaques from a mouse fat cDNA library in lambda GT11 (Clontech Laboratories, Inc., Palo Alto, CA) were screened with standard techniques using either clone 1.34 obtained from the two-hybrid screening and corresponding to the Grb10 SH2 domain, or a XmnI/HaeII restriction fragment of Grb10 as DNA probes. Positive clones were purified with the LambdaQuick kit (BIO 101, Inc., Vista, CA), subcloned in pBluescript (Stratagene, La Jolla, CA) or pGEM (Promega Corp., Madison, WI), and both strands were sequenced using custom synthetic oligonucleotide primers.
Reverse transcriptase-polymerase chain reaction (RT-PCR). Total RNA was extracted from tissues by the acid guanidinium thiocyanate/phenol/chloroform method (31), and digested with DNase. Single stranded cDNA was synthesized with the Superscript kit (Gibco BRL, Gaithersburg, MD) using 5 g of total RNA. The resulting cDNA was amplified using the sense primer 5 Ј -ACCAGCAGTTAA-GAACTGCATC-3 Ј , and the antisense primer 5 Ј -CAGTGTCGGT-TGGACACTGGTTC-3 Ј . PCR products were subcloned into the pCR II vector (Invitrogen Corp., San Diego, CA) and sequenced.
Cell lines. All cell lines were provided by Dr. Renato Baserga (Jefferson Cancer Center, Thomas Jefferson University, Philadelphia, PA). R Ϫ cells (32, 33) are a 3T3-like fibroblast cell line established from mouse embryos with a targeted disruption of the IGF-I receptor gene (34, 35) . The R ϩ cells represent R Ϫ cells stably transfected with the human IGF-I receptor cDNA (33, 36) , and R-IR cells are R Ϫ cells overexpressing the human insulin receptor (20) .
Immunoprecipitation and immunoblotting. Cell monolayers at 70-80% confluency were placed in medium containing 0.5% BSA for 16-18 h and then incubated for the indicated times at 37 Њ C in the presence or absence of IGF-I (R Ϫ and R ϩ cells) or insulin (R Ϫ and R-IR cells). Cells were then washed with ice-cold 20 mM Tris-HCl, pH 7.6, containing 137 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 0.1 mM sodium orthovanadate (buffer A), and solubilized for 45 min at 4 Њ C in buffer A containing 1% Nonidet P-40, 10% glycerol, 2 mM EDTA, 2 mM PMSF, 2 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, and 8 g/ml leupeptin (lysis buffer). Particulate material was removed by centrifugation at 15,000 g for 5 min at 4 Њ C, the supernatants were collected and protein concentrations were determined with a Bradford dye binding assay kit (BioRad Laboratories, Hercules, CA). Equal amounts of cell protein in lysis buffer were incubated at 4 Њ C for 2 h with polyclonal anti-Grb10 antibody 309 (24) (1:100 dilution), or for 1 h with monoclonal anti-IGF-I receptor antibody ( ␣ IR3 at 1:200 dilution, from Steve Jacobs, Burroughs Wellcome Co., Research Triangle Park, NC, 17-69 at 1:200 dilution or 24-31 at 1:200 dilution, from Kenneth Siddle, University of Cambridge, Addenbrooke's Hospital, United Kingdom) or antiinsulin receptor antibody (83-7 at 1:500 dilution from Kenneth Siddle). Rabbit anti-mouse IgG (Pierce Chemical Co., Rockford, IL) was added for 1 h at 4 Њ C, the antibodies were adsorbed to protein A Sepharose beads (Pharmacia Biotech, Inc., Piscataway, NJ) for 1 h at 4 Њ C, and the resulting immunocomplexes were washed three times at 4 Њ C by centrifugation and resuspension in buffer containing 10 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1% Nonidet P-40, 1 mM sodium orthovanadate, and 1 mM PMSF. These pellets plus additional cell lysates not treated with antibodies were boiled in Laemmli buffer with 100 mM dithiothreitol for 5 min. Proteins were separated by SDS-PAGE on 8.5% gels and blotted onto nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, NH). The blots were incubated in 10 mM Tris-HCl, pH 7.8, 0.9% NaCl, and 0.01% sodium azide (TNA buffer) containing 5% BSA and 0.05% Nonidet P-40 for 2 h at 37 Њ C and subsequently incubated for 16 h at 4 Њ C with anti-Grb10 antibody 309 (24) (1:300 dilution) or antiphosphotyrosine antibody (2 g/ml) (37) . After washing twice with TNA buffer plus 0.05% NP-40, the membranes were incubated with 125 I protein A (0.2 Ci/ml) in TNA buffer containing 5% BSA and 0.05% Nonidet P-40 for 1 h at room temperature, and specific protein bands were detected using a phosphorimaging system (Molecular Dynamics, Sunnyvale, CA).
Results

Two-hybrid cloning of IGF-I receptor interactive proteins.
We have previously reported the identification of the SH2 domain of the Grb10 adapter protein in a yeast two-hybrid screening of mouse embryo cDNA libraries using the insulin receptor ␤ subunit as a probe (23) . To identify IGF-I receptor-associated proteins, and to investigate the specificity of substrate interaction in insulin and IGF-I signaling pathways, we performed similar screening of the same mouse embryo libraries for IGF-I receptor interactive proteins. The yeast vector pBTM116 expressing the full cytoplasmic domain of the IGF-I receptor (aa. 937-1337) as a fusion protein linked to the COOH terminus of the DNA binding domain of the transcription factor LexA was introduced into the yeast reporter strain L40. Yeast expressing the pLexA-IGF-I receptor fusion protein were then transformed with a library of mouse embryo cDNA fragments expressed as fusions to the VP16 acidic activation domain. In this modified two-hybrid system (27, 28) , positive clones are identified by detecting the activation of two reporter genes, HIS3 and LacZ , inserted into the L40 yeast genome with multiple LexA upstream activating sequences. Approximately 4 ϫ 10 6 yeast transformants were screened, 300 clones were selected based on growth in histidine-deficient medium, and 141 of these clones displayed a strong reaction in a ␤ galactosidase color assay. These double positive clones were then cured of the pLexA-IGF-I receptor plasmid by growth in tryptophansupplemented medium, thus eliminating the selective pressure to retain the pBTM116 plasmid. The 141 positive clones, confirmed to contain only the library pVP16 plasmid, were retested in the ␤ galactosidase assay, and three clones were eliminated because of blue color formation in the absence of two-hybrid complex formation, indicating nonspecific activation of the reporter system. The interaction of the remaining clones with the IGF-I receptor was then retested by mating the L40 yeast containing the library clones with another yeast strain, AMR 70, containing the IGF-I receptor plasmid or LexA-lamin as a negative control sequence. The specific interaction of 70 clones with the IGF-I receptor was confirmed by this method. Duplicate sequences were identified by DNA sequence analysis, and a total of 27 independent clones ultimately were defined.
The majority of the isolated clones (10 of 27) encoded the SH2 domain from the COOH-terminal region of the adapter protein Grb10 (24) fused to VP16. The distinct Grb10 clones included various portions of the Grb10 pleckstrin homology (PH) domain and the entire SH2 domain extending through the putative stop codon. Eight of the remaining clones coded for the COOH-terminal SH2 domains of three isoforms of the regulatory subunit of PI 3-kinase: p85 ␣ (1 clone), p85 ␤ (5 clones), and the recently described p55 PIK (38) (two clones). Among the remaining independent clones, four encoded fragments containing the SH2 domain of distinct nonreceptor tyrosine kinases: csk, fyn, src, srm. Two clones represented novel sequences, with no significant homology in the GenBank search, and three were complementary strand cloning artifacts.
Characterization of the Grb10 Sequence. Northern blotting using a Grb10 cDNA probe encoding the SH2 domain and a portion of the PH domain demonstrated a single abundant 5.5-kb transcript in multiple mouse tissues, consistent with previously reported results (24). Grb10 mRNA levels were low in liver, but abundant in peripheral insulin target tissues, including skeletal muscle, heart, and adipose tissue (data not shown). To examine the full-length sequence, ‫ف‬ 10 6 plaques from a mouse fat cDNA lambda GT11 library were screened for hybridization with cDNA probes obtained from the two-hybrid derived clones. Six overlapping clones were isolated that defined a unique open reading frame identical in sequence to the initially cloned Grb10, except for the absence of a 75-bp segment located between the proline-rich region and the PH domain, corresponding to aa. 117-141 in the initially cloned Grb10 (Fig. 1 A ) (24) . Four independent library clones encompassed this divergent region, and all four encoded the same shorter form of Grb10. The sequence of the 75-bp insertion ends with AG, which represents the required consensus sequence for a 3 Ј intron-exon splice site (39) . Domains present in both forms of Grb10 include three potential translation initiation codons, an amino-terminal proline-rich region, a central domain homologous to Grb7 and Mig10 (designated the GM domain) (40), a PH domain within the GM domain, and the COOH-terminal SH2 domain identified in the two-hybrid screening.
To examine the expression of the two alternative Grb10 sequences in mouse tissues, an RT-PCR assay was developed using primers that flanked the divergent region and contained sequence common to both Grb10 mRNA variants. Using mouse skeletal muscle or total embryo RNA as template, two PCR fragments appropriate in size for inclusion and exclusion of the 75-bp segment were amplified (Fig. 1 B ) . The identities of the two bands as Grb10 with or without the 75-bp insert were confirmed by subcloning and sequencing. Both variants could therefore be detected in the analyzed tissues, although the shorter form cloned in this study appeared to be much more abundant, as evident in Fig. 1 
B. Insulin and IGF-I receptor interactions with Grb10 in intact cells.
Previous studies have demonstrated three Grb10 antibody interactive proteins in NIH-3T3 cells with apparent M r from 65 to 85 kD (24). These bands are thought to represent distinct protein isoforms of Grb10 derived from alternative splicing and/or the alternative translation initiation codons. To verify in intact cells the detected association of Grb10 with the insulin and the IGF-I receptor, we used the R Ϫ fibroblast cell line, which was derived from mice with targeted disruption of the IGF-I receptor gene (34, 35) . These cells have no IGF-I receptors and very low levels of endogenous insulin receptor ( ‫ف‬ 5,000 receptors/cell) (32, 33) . For studies on Grb10/receptor interactions, R Ϫ cells were obtained that were stably transfected with either the human insulin receptor (R-IR cells, expressing 0.5 ϫ 10 6 receptors/cell), or the human IGF-I receptor (R ϩ cells, expressing 1 ϫ 10 6 receptors/cell) (20, 36) . Therefore, distinct modes of association of Grb10 with insulin receptors compared with IGF-I receptors could be investigated in the same cellular background.
To study the pattern of hormone-stimulated tyrosine phosphorylation in the R Ϫ cell system, lysates from R Ϫ , R-IR and R ϩ cells were analyzed by antiphosphotyrosine antibody immunoblotting. In lysates from untransfected R Ϫ cells stimulated with either hormone, phosphorylated insulin receptors or IGF-I receptors were not detectable (Fig. 2) . When we analyzed receptor-transfected cell lines, tyrosine phosphorylation of a molecular species of ‫ف‬ 95 kD, corresponding to the insulin receptor ␤ subunit, was evident in lysates from insulin-stimulated R-IR cells (Fig. 2) . Similarly, an IGF-I-stimulated tyrosine phosphorylated protein with slightly lower gel mobility, corresponding to the IGF-I receptor ␤ subunit, was evident in R ϩ cell lysates. In both the R-IR and R ϩ cell lines, hormonestimulated tyrosine phosphorylation of one or more proteins in the 180-190 kD range also was observed. These bands likely represent the IRS proteins (10, 41), indicating that the transfected insulin and IGF-I receptors are able to interact with their physiological substrates. A low level of IRS activation was detectable in lysates from insulin-stimulated RϪ cells (Fig.  2, lane 2) , which likely results from activation of the small number of endogenous insulin receptors in these cells.
To assess the interaction of Grb10 with the insulin receptor, lysates were prepared from unstimulated or insulin-stimulated R-IR cells, and equal amounts of solubilized protein were subjected to immunoprecipitation with an anti-insulin receptor monoclonal antibody. Precipitates were solubilized in Laemmli buffer, separated by SDS-PAGE, and analyzed by immunoblotting with anti-Grb10 antibody 309 (24). In direct immunoblots of solubilized total cell proteins, Grb10 antibody identified three major protein species ranging between 65 and 85 kD in lysates from both RϪ and R-IR cells, corresponding to the previously identified Grb10 protein isoforms present in other cell types (24) (Fig. 3 A) . The three Grb10 proteins also were detected in insulin-receptor immunoprecipitates from insulin-stimulated R-IR cells (Fig. 3 B, left) . These Grb10 protein isoforms were not detectable in insulin receptor antibody immunoprecipitates from unstimulated R-IR cells, and were also absent in similar immunoprecipitates from basal or stimulated RϪ cells (Fig. 3 B, left) . Thus, it can be concluded that endogenous Grb10 proteins specifically coprecipitate with insulin receptors activated by insulin stimulation.
The Rϩ cells were used in similar coprecipitation experiments to examine the interaction of the Grb10 proteins with the IGF-I receptor. The Rϩ cells express similar levels of Grb10 protein isoforms in comparison with RϪ and R-IR cells, as shown in Fig. 3 A. However, when Rϩ cell lysates were subjected to immunoprecipitation with anti-IGF-I receptor antibody ␣IR3 and subsequent immunoblotting with antiGrb10 antibody, Grb10 protein isoforms were not clearly detectable in IGF-I receptor immunoprecipitates from basal or IGF-I-stimulated cells (Fig. 3 B, right) . Similar results were obtained when Rϩ cell lysates were immunoprecipitated with two additional anti-IGF receptor antibodies, 17-69 and 24-31, ruling out the possibility that the decreased affinity of Grb10 interaction with IGF-I receptors was due to a structural modification induced by the specific antibody used for precipitation. In receptor immunoprecipitates from Rϩ and R-IR cells similar to those shown in Fig. 3 B, a greater amount of phosphorylated IGF-I receptors vs insulin receptors, respectively, was measurable by phosphotyrosine antibody immunoblotting (Fig. 3 C) . Thus, in spite of the similar abundance of endogenous Grb10 proteins in R-IR and Rϩ cells and greater amounts of immunoprecipitated tyrosine phosphorylated IGF-I receptors in Rϩ cells, Grb10 was selectively coprecipitated with insulin receptors. Grb10 preferential association with the insulin receptor was subsequently confirmed by immunoprecipitating lysates from hormone-stimulated R-IR and Rϩ cells with anti-Grb10 antibody and analyzing pelleted proteins by phosphotyrosine antibody immunoblotting. A much greater amount of phosphorylated insulin receptors was detectable in Grb10 antibody precipitates from R-IR cells compared to IGF-I receptors from Rϩ cell lysates (Fig. 4) .
When Grb10 association with insulin receptors and IGF-I receptors was examined at multiple time points after hormone stimulation (Fig. 5 A) , maximum Grb10 coprecipitation with the insulin receptor in R-IR cell lysates was observed at 5 and 10 min after insulin stimulation, with decreased association evident after 20 min, whereas very low to undetectable levels of Grb10 were present in IGF-I receptor immunoprecipitates from Rϩ cells at all time points (Fig. 5 A) . The association of Grb10 with the insulin receptor was dose dependent, with detectable Grb10 in receptor precipitates from R-IR cells treated with 1 nM insulin and maximum Grb10-receptor coprecipitation with 10 nM insulin (Fig. 5 B) . By contrast, IGF-I receptorassociated Grb10 was low to undetectable at IGF-I concentrations up to 100 nM. When much larger amounts of protein from Rϩ cells were analyzed, a small amount of Grb10 protein coprecipitated with the IGF-I receptor was evident (data not shown). From these experiments, we conclude that Grb10 interacts preferentially with insulin receptors as compared to IGF-I receptors in the RϪ cell system.
Discussion
Grb10 is a protein of yet undefined function with the structural features of an adapter protein, containing SH2, PH, and proline-rich (presumed SH3 domain binding) domains. Grb10 was originally isolated from an NIH-3T3 cell expression library through its ability to interact with the tyrosine phosphorylated COOH terminus of the EGF receptor (24). Although GST fusion proteins containing the Grb10 SH2 domain were subsequently shown to precipitate the EGF receptor from cell lysates, an interaction between the EGF receptor and the endogenous Grb10 protein in intact cells overexpressing EGF receptors could not be demonstrated (24). In another report Grb10 was identified as a protein interactive with the Ret receptor tyrosine kinase by yeast two-hybrid screening (42) . A GST-Grb10 fusion protein was shown to interact with Ret in vitro, and Grb10 coprecipitated with Ret in extracts from cells overexpressing both proteins. However, significant association of endogenous Grb10 proteins with the Ret receptor has not been demonstrated. We have isolated Grb10 as a protein interacting with the insulin receptor (23) and, in the present study, with the IGF-I receptor using yeast two-hybrid cloning. The findings from these various studies suggest that Grb10 may be a signaling mediator shared by multiple tyrosine kinase receptors, as occurs with PI 3-kinase and Shc. Alternatively, Grb10 interactions with receptor proteins may have greater specificity than is evident with highly sensitive methods, such as yeast two-hybrid system cloning and in vitro fusion protein studies.
In the present study, the IGF-I receptor was shown to interact with multiple proteins in the two-hybrid system, including Grb10, three isoforms of the PI 3-kinase regulatory subunit (p85␣, p85␤, and p55 PIK ), and several nonreceptor tyrosine kinases (src, fyn, srm, and csk). All of these proteins contain SH2 domains, and p85 has previously been shown to have the capacity to interact with the IGF-I receptor (15) . We further investigated the interaction of Grb10 with IGF-I and insulin receptors in intact cells, since Grb10 was the most abundant species isolated by two-hybrid screening of the same libraries with the complete intracellular region of either of these receptors. For this purpose, we used RϪ cells transfected with the insulin receptor (R-IR cells) or the IGF-I receptor (Rϩ cells) (20, 35) . The parent RϪ cell line has no IGF-I receptors as a consequence of targeted disruption of the IGF-I receptor gene and a low number of endogenous insulin receptors ‫ف(‬ 5,000 receptors/cell). The signaling characteristics of the transfected insulin or IGF-I receptors can therefore be investigated with essentially no background of insulin receptor/IGF-I receptor hybrids, which may otherwise mask the properties of the individual receptors (43, 44) .
In the RϪ cell system, Grb10 exhibited marked preferential association with the insulin receptor in comparison with the IGF-I receptor. Interaction of Grb10 with IGF-I receptors as well as insulin receptors in the two-hybrid system may reflect the high sensitivity of this method, which detects interactions between two overexpressed fusion proteins (45) . As additional possibilities, posttranslational modifications of Grb10 and/or the receptor essential for interaction specificity may not occur in the yeast cytoplasm, or the pattern of Grb10 association with the receptors may be modulated by molecules that are not present in the yeast cell. Since clones containing only the SH2 domain of Grb10 were isolated in the two-hybrid screening, it is also possible that the full-length Grb10 protein may exhibit a higher degree of specificity for the insulin receptor compared with the IGF-I receptor in its native conformation within the cell. Alternatively, additional regions of the full-length Grb10 protein besides the SH2 domain may contribute to the preferential interaction with the insulin receptor.
It has previously been suggested that distinct cellular responses to insulin and IGF-I may result from structural features unique to the insulin and IGF-I receptors and/or to differences in early steps of their signal transduction pathways (16) (17) (18) (19) . In a recent study proposing Crk II as a novel IGF-I receptor substrate, it was shown that insulin is less effective than IGF-I in promoting Crk phosphorylation, although the formation of a stable complex between Crk and IGF-I or insulin receptors in intact cells was not demonstrated (46) . Therefore, Grb10 represents the first example of a protein that forms a stable intermolecular complex preferentially with one of these two related receptors. In studies with a GST-fusion protein containing the Grb10 SH2 domain, we have previously shown that the formation of an intermolecular conjugate with the insulin receptor requires the presence of the last 43 amino acids in the COOH terminus of the receptor (23) . We further showed that a peptide containing sequence corresponding to the YXXM motif at tyrosine 1322 in the receptor COOH terminus had the highest affinity for Grb10 SH2 domain binding, thus implicating this specific sequence in the Grb10-receptor interaction. This is of interest in regard to earlier evidence that insulin and IGF-I receptor COOH-terminal regions may be important in defining the relative intensities of metabolic vs mitogenic signaling by these two receptors (19, 47, 48) . The primary structures of the two receptors are highly divergent in this region (45% homology in the COOH terminus vs 84% in the kinase domain), and thus specific domains may reside in the insulin receptor COOH terminus that are responsible for its preferential interaction with the full-length Grb10 protein. It is possible that structural features unique to the insulin receptor may establish a receptor conformation that favors its interaction with Grb10. Alternatively, another molecule could bind specifically to the IGF-I receptor COOH terminus and thus inhibit Grb10 binding. It is also possible that the native Grb10 protein is localized in cellular compartments that are more readily accessible to the insulin receptor than to the IGF-I receptor.
Grb10 binds to the insulin receptor independently of IRS-1 (23) and, therefore, may link the insulin receptor to a novel intracellular pathway. Alternatively, Grb10 may modulate insulin receptor transducing potential, as suggested for Grb-IR, a human protein closely related to Grb10 (25, 26) . Three major protein bands are identified by Grb10 specific antibody in RϪ cells (Fig. 3 A) and other cell types (24). A similar pattern of Grb10 isoforms is seen in NIH3T3 cells and HeLa cells transfected with Grb10 cDNA, indicating that the different molecular species derive from the same DNA sequence (24). In this study, we report the cloning of a previously unknown splice variant of Grb10, that lacks a 25-amino acid region located between the proline-rich and the PH domains. Similarly, Grb-IR and its recently described isoform Grb10/IR-SV1 lack an 80-amino acid fragment when compared with the previously reported Grb10, and this divergent region starts exactly at the same point (aa. 117 of Grb10). Although the structures of the Grb10 protein isoforms in cultured cells have not yet been established, it is likely that they derive from alternative splicing and/or the use of more than one of the three potential translation start codons identified in the cDNA (24). It is also possible that posttranslational modification of the Grb10 protein, such as phosphorylation (24), may contribute to the observed heterogeneity. The COOH-terminal SH2 domain is conserved in all of the potential protein isoforms and has 99% sequence identity in the mouse and human. Based on studies with fragments of Grb10 (23) , this portion of the molecule appears to mediate the interaction with insulin receptors. Consistent with this conclusion, we have observed that all of the Grb10 protein isoforms identified in R-IR cells by direct immunoblotting also coprecipitate with the insulin receptor. In future studies, it will be important to define the structures of the Grb10 isoforms and investigate the possibility that they may have distinct roles in insulin signaling.
